Foamy viruses are retroviruses that infect cattle, horses, cats, and primates, including humans (24) . Simian foamy viruses (SFV) have been described in Old World and New World monkeys and in apes (3-5, 7, 12, 15, 17, 23, 33, 40) . Interestingly, humans are the only hominoids that are not naturally infected, and only zoonotic infections of humans have been described (1, 6, 11, 31, 32) . Because of the benign nature of the infections, it is assumed that foamy viruses are ancient viruses that have coevolved with their natural hosts (3, 4, 7, 11, 33) . However, these assumptions were primarily drawn based on a limited number of viruses and primate species.
In a recent serosurvey we screened 108 serum samples obtained from wild-caught or locally confiscated Bornean orangutans for anti-SFV antibodies (40) . A high percentage, 69.4%, had antibodies that were cross-reactive to antigens from African green monkey foamy virus (SFVagm; SFV-3). We additionally acquired blood samples of Sumatran orangutans, five of which were wild caught and six that were housed in zoos. A foamy virus-specific PCR was performed on DNA isolated from all Sumatran animals and on 15 blood samples from seropositive Bornean individuals. The PCR amplified a fragment of the integrase coding region of the foamy virus pol gene (34) . A 425-bp fragment was recovered from all Bornean samples, and from 7 out of 11 Sumatran animals (two wild-caught [Popa_SU76 and Popa_SU78] and five zoo animals [Popa_Du, Popa_Bi, Popa_Pi, Popa_To, and Popa_Wa]). The PCR products were isolated from agarose gel using a QIAquick gel extraction kit (QIAGEN, Hilden, Germany) and directly sequenced. This was done using the ABI PRISM BigDye terminators v. 3.0 cycle sequencing kit on an ABI PRISM 3100 genetic analyzer (Applied Biosystems, Nieuwerkerk aan de IJssel, The Netherlands). Sequences were analyzed using MacVector 6.0 (Oxford Molecular Ltd.) and SeqMan II (DNASTAR, Inc., Madison, Wis.) sequence analysis software packages, and the alignments were manually edited using the sequence alignment editor Se-Al version 2.0a11 (29) .
Translation of the integrase sequences revealed that the amino acid sequences fell into three distinct groups (Fig. 1) . One group was formed by 12 foamy viruses that were all obtained from Bornean orangutans (Fig. 1, upper 12 sequences) . The second and third groups consisted of viruses from Borneo and Sumatra, respectively, and were differentiated from the first group by a glutamine (Q) at position 13 and a threonine (T) residue at position 17 in the alignment. The third group, consisting of two orangutan SFV (SFVora) recovered from Sumatran orangutans (Popa_SU78 and Popa_Du) were further differentiated from the other sequences by specific amino acid residues at positions 37 (V), 42 (N), and 53 (C), an A-A doublet at positions 94 to 95, and an L at position 105. A phylogenetic tree derived from the nucleotide sequences showed a branching pattern for the SFVora that was consistent with our protein sequence analysis ( Fig. 2A) . The tree was rooted with SFV isolated from a dark-handed gibbon (Hylobates agilis; SFVhpi), a distantly related ape species also inhabiting the islands of Borneo and Sumatra. From the root the tree splits in two branches. A small branch leads to the Sumatran sequences derived from Popa_SU78 and Popa_Du (cluster Sum), while the major branch leads to remaining viruses isolated from both subspecies. This large cluster further separates into two subclusters, one (subcluster Bor) solely consisting of Bornean viruses, while the other (SumBor) contains viruses from a mixed origin.
The typical clustering of the different variants of SFVora is interesting, as the orangutan subspecies that live on the islands of Borneo (Pongo pygmaeus pygmaeus) and Sumatra (P. p. abelii) have diverged 1.1 to 2.3 million years ago (MYA) (41, 44, 45) . If the common ancestor of the two present day orangutan subspecies had been infected with a foamy virus, this long-term spatial separation of the populations would have provided an opportunity for SFVora to coevolve with their hosts. In its simplest form this would have resulted in two virus clusters that are directly related to the host subspecies. Alternatively, new introductions of SFV by transmission across the subspecies may also have contributed to the variation depicted in Fig. 2A . Viral transmission due to mixed housing in zoos or improper reintroduction procedures may also have contributed to the observed clustering. However, our findings are validated by the fact that each (sub)cluster contains a virus from a wild-caught animal (Popa_SU76, Popa_SU78, and Popp_So). In addition, current reintroduction practices include that confiscated animals are reintroduced on their islands of origin (K. S. Warren and E. J. Verschoor, personal observations).
To discern between coevolution and new foamy virus introductions, we performed a comparative phylogenetic analysis of SFV integrase sequences from other primate species and did a thorough analysis of the host genotype. Interspecies transfer of 
FIG. 2. (A)
Evolutionary tree derived from SFVora sequences from Bornean (Popp) and Sumatran (Popa) orangutans, and (B) tree constructed with newly obtained and published SFV sequences from different ape species. Phylogenetic analyses of a 425-bp integrase sequence were performed by the neighbor-joining method as implemented in PAUP* version 4.0b10 (37) . Bootstrap values (as percentages of 1,000 resamplings) are indicated. The trees were rooted with sequences derived from a dark-handed gibbon (SFVhpi) and an Allen's swamp monkey (SFVani), respectively. All novel SFV sequences described in this article have been deposited in the EMBL and GenBank data libraries, accession numbers AJ544579 and AJ627527 to AJ627560 and are marked by asterisks. Accession numbers from published sequences are as follows: X54482 and X54484, X83290, X83291, X83294 to X83297, AF049079, AF049081, AF049083, AF049086, AF516484 to AF516487, and U04327. Abbreviations: Ggo, Gorilla gorilla gorilla; Pts, Pan troglodytes schweinfurthii; Ptt, P. t. troglodytes; Ptv, P. t. verus; Ppan, Pan paniscus.
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SFV to humans has been described previously (1, 6, 11, 31, 32, 42) and has also been observed from a rhesus macaque to a capuchin monkey (E. J. Verschoor, unpublished observations).
In addition, transfer of viruses between gibbons and orangutans has recently been suggested for the hepatitis B virus (35) . In order to make a comprehensive analysis of the evolutionary relationships between these viruses, we amplified and sequenced additional SFV sequences from blood samples of various ape species. These sequences, together with published SFV sequences, were used to construct the evolutionary tree that is shown in Fig. 2B . In this tree, all ape SFV form one cluster that segregates into species-specific clusters. The latter finding supports our hypothesis of a strict virus-host coevolution within the apes, in contrast to recent cross-species transmission of foamy viruses in great apes. The latter would have resulted in a different tree topology, with mixtures of SFV from different species within the same cluster, as has been described for primate hepatitis B virus (35) . Coevolution due to a single spatial separation event, however, is difficult to reconcile with the finding of a group of SFVora from mixed origin.
To verify the origin of the host, we performed mitochondrial DNA (mtDNA) analysis (41) . 12S rRNA gene analysis using conserved primers (18) confirmed the Bornean and Sumatran origin of all samples used (data not shown), but analysis of control region (D-loop) sequences provided additional genetic information (Fig. 3) . D-loop fragments were amplified as described previously (41) or by using a set of primers optimized on the Sumatran orangutan mtDNA genome. Sumatran Dloop sequences were amplified in a single-round PCR using the primers SUM-FA (5Ј-CATACAAAACTCCAACCACACTC G-3Ј) and ORAREV (5Ј-CTGAAGTAGGAACCAGATGCC G-3Ј). Amplification was performed in a 50-l volume using 5 l of DNA, 50 pmol of both primers, 0.2 mM each dNTP, 1.5 mM MgCl 2 , and 2.5 U of AmpliTaqGold (Perkin-Elmer, Nieuwerkerk aan de IJssel, The Netherlands). Samples were preheated for 15 min at 94°C to activate the enzyme and then FIG. 3 . Unrooted neighbor-joining tree constructed using a 130-bp fragment amplified from the mitochondrial control region. All mtDNA sequences have been deposited in the EMBL and GenBank data libraries, accession numbers AJ627498 to AJ627519 for 12S rRNA and AJ627423 to AJ627444 for the D-loop sequences.
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NOTES J. VIROL. cycled for 15 s at 94°C, 10 s at 52°C, and 40 s at 72°C for 40 rounds of amplification. While Bornean orangutans form one tight cluster of genotypes, the genetic variability of Sumatran orangutans is much greater. Sumatran orangutans form two well-supported groups A and B (100 and 92% bootstrap), in addition to Popa_Du whose genotype differs from all other Sumatran individuals. The latter finding may be biased due to the limited number of sequences analyzed, but it may also reflect the genetic variability of Sumatran orangutans (25) . Interestingly, all four animals forming the Sumatran A genotype cluster were infected with SFVora belonging to subcluster SumBor. Although there is not a 100% correlation (Popa_Wa belongs to genotype B but is infected with a SumBor SFV), this finding suggests a linkage between Sumatran genotype A and infection with this particular SFVora variant. The genetic diversity of Sumatran orangutans has also been investigated previously (25) . Interestingly, in their study, Muir et al. mention a Sumatran haplotype that was genetically closely related to Bornean haplotypes (25) . They hypothesized that Sumatra had been recolonized with Bornean orangutans after the explosion of the volcano Toba, 74,000 years ago, had eradicated most orangutan populations on that island. Repopulation could have occurred during the Wisconsin Glacial Epoch when land bridges connected the islands. The pattern of SFVora genotypes can be explained by this repopulation hypothesis. The SFVora SumBor cluster may be a relic and provides support for this repopulation scenario, when SFV from a Bornean orangutan was introduced on Sumatra. The other fully Bornean and Sumatran SFV clusters likely reflect the viruses infecting founder populations on the islands that evolved 1.1 to 2.3 MYA.
The tight clustering of ape foamy viruses in our analysis ( Fig.  2B ; 84% bootstrap support) suggests that the lineage that gave rise to the apes was already infected with an ancestral foamy virus before speciation started 12 to 14 MYA (2, 10). However, more data are required, as only two viruses have been characterized from the lesser apes, the family Hylobatidae. In contrast to findings from others (36), we could not conclusively distinguish chimpanzee SFV (SFVcpz) variants linked to chimpanzee subspecies, although SFV from Pan troglodytes schweinfurthii differ from SFVcpz from the other two subspecies analyzed (P. t. troglodytes, n ϭ 2; P. t. verus, n ϭ 5). However, SFVcpz from the latter two subspecies all originated from animals housed in captivity together for over 30 years, and cross-subspecies transmission cannot be excluded.
Combined analysis of virus phylogeny, host phylogeny, and host origin can be an important tool to study the origins and phylogeography of viruses and to trace ancient migration patterns of the hosts (8, 14, (26) (27) (28) 30) . Studies of retroviruses (8, 9, 13, 19-22, 30, 38, 39, 43, 46) and hepatitis B viruses (16, 35) have provided important information concerning ancient cross-species transmissions and virus-host coevolution in primates. Our phylogeographic analysis of SFVora provides insights in the orangutan's evolution and historical distributions, lending support for the hypothesis concerning ancient migrations of orangutans.
Nucleotide sequence accession numbers. All novel SFV sequences described in this article have been deposited in the EMBL and GenBank data libraries, accession numbers AJ544579 and AJ627527 to AJ627560. All mtDNA sequences have been deposited under accession numbers AJ627498 to AJ627519 for 12S rRNA and AJ627423 to AJ627444 for the D-loop sequences. 
